Rugose projections on the anterior and posterior aspects of vertebral neural spines appear throughout Amniota and result from the mineralization of the supraspinous and interspinous ligaments via metaplasia, the process of permanent tissue-type transformation. In mammals, this metaplasia is generally pathological or stress induced, but is a normal part of development in some clades of birds. Such structures, though phylogenetically sporadic, appear throughout the fossil record of non-avian theropod dinosaurs, yet their physiological and adaptive significance has remained unexamined. Here we show novel histologic and phylogenetic evidence that neural spine projections were a physiological response to biomechanical stress in large-bodied theropod species. Metaplastic projections also appear to vary between immature and mature individuals of the same species, with immature animals either lacking them or exhibiting smaller projections, supporting the hypothesis that these structures develop through ontogeny as a result of increasing bending stress subjected to the spinal column. Metaplastic mineralization of spinal ligaments would likely affect the flexibility of the spinal column, increasing passive support for body weight. A stiff spinal column would also provide biomechanical support for the primary hip flexors and, therefore, may have played a role in locomotor efficiency and mobility in large-bodied species. This new association of interspinal ligament metaplasia in Theropoda with large body size contributes additional insight to our understanding of the diverse biomechanical coping mechanisms developed throughout Dinosauria, and stresses the significance of phylogenetic methods when testing for biological trends, evolutionary or not.
Introduction
Many large-bodied amniotes, from bovids to crocodilians, exhibit rugose, spur-like projections on the neural spines within the dorsal and caudal regions of the spinal column [1] . These projections are thought to arise from metaplasia of the supraspinous and interspinous ligaments [1] [2] [3] [4] caused by tensile loading in the apical portion of the neural spines, as would be predicted from ventrally directed bending stresses of the vertebral column [5] . Metaplasia, in the paleontological and evolutionary biological sense, is the permanent transformation of tissue types, and cannot be described as "ossification" of the ligaments, as metaplasia is not the process of bone formation [4] . Anteroposterior and apical neural spine projections, although widespread taxonomically, nevertheless lack uniform distribution within the vertebral column and vary widely from individual to individual within extant species. In mammals this condition is often a stress-induced pathology and described as "spondylitis ossificans ligamentosa", "spondylosis hyperostotica", "physiologic vertebral ligament calcification", or "ankylosing hyperostosis of the spine" [6] [7] [8] . In birds the metaplasia of vertebral ligaments is common, especially in species that also possess "ossified" tendons [9] . In the fossil record of non-avian theropod dinosaurs, these structures appear to be common in large-bodied taxa (Fig 1B) . This is not surprising, as stress-induced bone remodeling and other physiological responses to stress are well-documented within amniotes, including dinosaurs [10] . The vertebral column provides biomechanical support for the trunk and tail, an especially important functional role given the bipedal posture of nearly all non-avian theropods [11] . For these species, a large body mass would subject the spinal column to great tensile stress, especially in the anterior/posterior edges and apex of the neural spines in the dorsal, sacral, and caudal regions. Moreover, bending moments along the posterior section of the dorsal region and the anterior section of the caudal region would increase during locomotion as the hip extensors/flexors generated forces throughout the gait cycle. A stiff spinal column would facilitate force transfer to the limbs rather than deforming the vertebral column during contraction of the hip flexors. The potential function of the spinal metaplastic tissue is therefore hypothesized to provide passive support for body weight by extending hard tissue, supporting the epaxial muscles, and increasing locomotor efficiency through increased spinal rigidity.
Bone surface rugosities are thought to be produced by frequent application of stress during development [12] . According to Wolff's law, the principle direction of bone remodeling occurs along lines of stress [13, 14] . Metaplastic spinal projections are oriented in the cranial-caudal direction, suggesting that tensile loading of the interspinous and supraspinous ligaments metaplastically transformed these tissues. This implies that the projections were a physiological, not an evolutionary (genetic), adaptation. It is common for the presence of these metaplastic spinal structures to be noted in specimen descriptions, often as "interspinal ligament scars," though until now they have neither been histologically examined nor evaluated in a comparative phylogenetic context, though this feature has been used in phylogenetic inference to reconstruct evolutionary relationships (e.g. [15, 16] ). Here we test the hypothesis that mean body size (using femur length as a proxy), is different between species that exhibit metaplastic projections on the dorsal neural spines and species that lack them. We also consider evidence suggesting that the projections enlarge during ontogeny. Vertebral Adaptations to Large Body Size in Theropod Dinosaurs longitudinal sections were sampled from the neural spine of the last two thoracic vertebrae of Alligator. The neural spine of the Tyrannosaurus was likewise sectioned transversely and longitudinally. The Meleagris and Alligator samples were fixed in 10% neutral buffered formalin for storage and stained with hematoxylin and eosin (H&E) and trichrome to note the occurrence of collagen. We followed standard paleohistological techniques to prepare thin sections [17] . Finished slides were photographed using a Nikon Optiphot-Pol polarizing microscope equipped with a Nikon DS-Fi1 digital camera, and compiled with NIS-Elements BR 3.0 software. Microanatomical terminology used here follows established nomenclature for bone and metaplastic tissue [2, 4, [18] [19] [20] .
Materials and Methods

Institutional
Metaplastic projections along the anterior and posterior edges and apex of the neural spines in the dorsal region of the vertebral column of non-avian theropods were coded as absent (0) or present (1) . There are theropod taxa in which metaplastic spinal projections occur solely in the caudal vertebrae and not in the dorsal neural spines. These were coded as a 0, as projections solely on caudal neural spines would provide little weight-bearing support to the spinal column anterior to the hind limbs, and most likely only provided increased locomotion efficiency. Spinal apex expansion, which appears as a rounded, lateral flaring of the spine at its apex is not due to the same physiological or biological processes as the metaplasia of the interspinal ligaments examined here and therefore coded as a 0. Vertebrae exhibiting metaplasia of both the supraspinous and interspinous ligaments, in which the projections span the entire height and apex of the spine, were coded as a 1. Spines on which the metaplastic tissue does not necessarily span the height of the spine but does project beyond the anterior and posterior margins of the spine, so as to contribute to the anteroposterior length of the spine, were also coded as a 1. Ligament metaplasia and scarring that is visible but does not project outwards from the margins of the neural spines, such as in Troodon, is coded as a 0, as is complete absence of scarring and projecting tissue. There are some taxa, such as Compsognathus, Dilophosaurus, Ornitholestes, Huaxiagnathus, Scipionyx, and Sinosauropteryx, that possess "hook-like ligament" attachments" on their dorsal neural spines [21] . In Dilophosaurus, these are described as "shoulders" that project from the anterior and posterior faces of the neural spines [22] . These features are are periosteal rather than metaplastic. For example, in the coding scheme of Loewen et al., 2013, Compsognathus, Dilophosaurus, Ornitholestes, and Sinosauropteryx are all coded as "0 -absent or weakly developed" for character 335 "Dorsal vertebrae, rugose ligament attachment scars on anterior and posterior surfaces of neural spine." Therefore, these taxa lack interspinal ligament metaplasia and are coded as 0. We used femur length as a proxy for body size/mass, which has been demonstrated to be a reliable indicator of body mass for bipedal non-avian theropods [23] . Femur length and spinal projection presence/absence are detailed in Table 1 . Data from 56 theropod species were collected.
The phylogenetic tree used to analyze character evolution was extracted from a larger phylogeny of dinosaurs [24] . Comparative phylogenetic analysis of body size and the presence of metaplastic projections was performed to normalize for common descent [25] using the program BayesTraits [26] . We used a regression model where the dependent variable was femur length (ln cm) and the independent variable was binary (0 or 1) corresponding to the presence or absence of metaplastic projections on neural spines; amounting to a phylogenetic t-test [27] . This tests whether there is a significant difference in body size (ln femur length) in theropods with and without metaplastic spinal projections. The parameters λ (phylogenetic signal), δ (early vs late bursts), and κ (degree to which character evolution is independent of branch lengths, a measure of punctuation) were estimated as well [26] . These parameters scale the phylogenetic tree to model deviations from a Brownian motion model.
We used log-Bayes factors and posterior distributions of parameter estimates for hypothesis testing [28] . To test for the potential of homology to explain our data we performed a reversible-jump Markov chain Monte Carlo (MCMC) algorithm to estimate ancestral states [29] . We used an exponential hyperprior for the transition rates seeded randomly from zero to ten. All MCMC analyses ran for 5,000,000 iterations with a 100,000 burn-in and a sampling frequency of 1,000.
Results
The neural spines of vertebrae within the dorsal region of the Alligator and Meleagris are capped with a cartilaginous sesamoid. Sesamoids act to protect the ligament from tearing and to increase the ligament's mechanical effect [30, 31] . The sesamoid extends the anteroposterior length of the neural spine where the ligamentum apicum dorsalis (supraspinous ligament) attaches. Within the Alligator and Tyrannosaurus thin sections (Fig 2) , there is an irregular, "ribbon"-like tissue that interdigitates into the cortex of the neural spine. This irregular zone in both species is indicative of the metaplastic transitionary tissue known as the enthesis, which is the hypermineralized calcified fibrocartilage from connective tissue (ligament or tendon) to the spine, confirming the identity of the spinal projections as metaplastic [4, 32, 33] . Similar vertebral entheses have been described from neosauropod neural spines [1, 4, 32, 34] . In the Tyrannosaurus sample, this "veneer"-like enthesis pervades into the highly pneumatized neural spine, composed of highly fibrous secondary reconstructions, which agrees with the observation of Horner et al. 2015 [4] showing that the bulk of the neural spine is composed of metaplastic tissue. These data strongly suggest that the dorsal neural spines of Tyrannosaurus underwent substantial remodeling during ontogeny, not typically observed in other vertebrates. Our character analysis results are consistent with the hypothesis that metaplastic spinal projections in non-avian theropods were an adaptation to large body size (Fig 3) . The model with λ had a harmonic mean (of the log-likelihood) of -63, whereas the model with and λ+δ had a harmonic mean of -49. However, the model with λ+κ had a harmonic mean of -46, and is therefore favored over the λ+δ model by a log Bayes factor of six. This model (phylogenetic ttest) supports a significant difference in body size between the two groups because 100% of the posterior distribution of β 2 (slope) deviates from the null value of 0 (posterior model parameters: β 1 = 3.24 (σ = 0.21), β 2 = 0.88 (σ = 0.23), λ = 0.88 (σ = 0.1), and κ = 0.14 (σ = 0.11). Our RJMCMC ancestral state reconstruction suggests that all nodes along the spine of the phylogeny are associated with the lack of metaplastic projections (all posterior probabilities of character state zero were greater than 95%). This result is in disagreement with the hypothesis that such spinal projections are a homologous feature of theropods and supports our hypothesis that metaplastic projections on neural spines appear numerously throughout the theropod tree as physiological responses to large body size.
Discussion and Conclusion
The histological data presented here reveals large amounts of metaplastic tissue in the neural spines of Tyrannosaurus rex. Together with our phylogenetic analysis, these results suggest that the dorsal aspect of the vertebral column was subject to ventrally directed forces sufficient to induce substantial amounts of metaplasia in the interspinous and supraspinous ligaments of large-bodied non-avian theropods. Stiffening the vertebral column in large-bodied theropods has significant implications for our understanding of their biology. For instance, without support the dorsal, sacral, and caudal regions of the vertebral column would tend to sag or bend ventrally under their own weight. A ventrally bent vertebral column might affect locomotion because hip flexors originate along the ventral aspect of the vertebral column, and rigid support for the biomechanical lever systems would increase the efficiency of locomotion. The interspinous and supraspinous ligaments would help passively resist the tendency of the column to flex or sag ventrally, as would contraction of the epaxial muscles actively. Stiffening these ligaments through metaplasia would improve the spinal column's ability to resist sagging from body weight or muscle contraction associated with locomotion. Moreover, rigidity in the dorsal region of the vertebral column is thought to assist in theropod breathing [35] . Stiffening the vertebral column through metaplastic mineralization of the interspinous and supraspinous ligaments may have simultaneously facilitated ventilation and limited vertebral mobility in largebodied theropods. Similar interpretations were recently made by Foth et al [36] regarding the hypothesized function and probable exclusivity of these structures to large bodied theropod taxa, though they describe the preserved ligaments as "ossified," which they are not. Theropods in the family Spinosauridae (Spinosaurus and kin) are large-bodied, but exhibit both neural spine conditions. Baryonyx possesses short neural spines that bear metaplastic projections, while Spinosaurus exhibits long neural spines and lacks metaplastic projections. We hypothesize that this absence is due to its elongate neural spines that, like a cantilever bridge, would help distribute stresses along the vertebral column. The elongate neural spines of Deinocheirus mirificus [37] , which do not bear the spur-like metaplastic projections we discuss here, may have functioned similarly. Other dinosaurian groups also exhibit osteological and metaplastic modifications of the vertebral column that may have functioned analogously to the hypothesized function of the metaplastic projections analyzed here. Numerous ornithischian species exhibit an interwoven network of "ossified" tendons along the lateral aspects of the neural spines in the dorsal and caudal series. This tendon network is associated with M. transversospinalis [9] and is hypothesized to have stiffened the torso and tail [38] . These tendons, though widely referred to as "ossified," also seem to have mineralized via the process of metaplasia [4] . Other modifications are found in ornithischians, such as the interlocking zygapophyses and neural spines in the tails of ankylosaurs [4, 39] and the three-dimensional myorhabdoi (or "caudal basket") in Pachycephalosauria [40] . Vertebral modifications also appear in saurischians besides the metaplastic spinal projections of large bodied theropods. Some small bodied dromaeosaurid theropods, like Deinonychus, possessed exaggeratedly long caudal vertebral processes and chevrons which have been hypothesized as having mineralized via metaplasia rather than ossification [4] , though the function of these modifications most likely differs from that of the spinal projections examined here. As stated in the Methods section, some smallbodied theropod taxa, including Compsognathus, Ornitholestes, Huaxiagnathus, Scipionyx, and Sinosauropteryx, feature "hook-like ligament attachments" on their dorsal neural spines [21] . Similarly, the moderately-sized Dilophosaurus, possesses "shoulders" that project from the anterior and posterior faces of the neural spines [22] . These structures appear to be part of the osseous neural spines themselves and not metaplastic ligaments, as they are structurally dissimilar from the characteristic spur-like projections we discuss. Peyer (2006) states that these hook-like structures, along with fan-shaped anterior neural spines [41] , are considered diagnostic of compsognathids. Because these structures do serve to decrease interspinal space and maximize bony support along the spinal column, it is possible that they represent an additional, independent evolution of a mechanism for spinal rigidity. Sauropods also exhibit neural spine modifications, such as bifurcating neural spines, which have been hypothesized to be an adaptation for increased vertebral column mobility [1] . Some sauropod specimens (most notably Diplodocus longus USNM 10865) possess spinal projections in the caudal series that are identical to those observed in large-bodied theropods [42] . In USNM 10865, the rugose projections are hypothesized to be osteological modifications associated with a highly pathologic caudal series; thus, it is thought that the spinal projections are a response from the need to horizontally maintain the caudal series [43] . Additionally, several titanosauriform specimens have been documented which retain biomineralized and non-biomineralized remnants of their vertebral ligaments [42, 44] . The most extensive of these documented are reported by Cerda et al. (2015) , in which nine biomineralized supraspinal ligaments are reported in titanosauriform sacra. These biomineralized ligaments are restricted to the apices of the sacral neural spines, and from histologic analysis, Cerda et al. (2015) conclude that biomineralization of the sacral vertebral ligaments occurs via metaplasia in direct response to ligament tension.
Our hypothesis predicts that metaplastic spinal projections should increase in size throughout ontogeny in large-bodied species. Limited data seem to support this prediction. For instance, immature Tyrannosaurus rex specimens exhibit neural spines with smaller, less developed projections compared with older individuals. This morphological difference could be an apomorphy [45] , but it also agrees with the hypothesis outlined here. Within the genus Ceratosaurus, there are potentially three species: C. nasicornis, C. dentisulcatus, and C. magnicornis. There has been debate over the validity of these taxa, and the argument has been made that these "species" in fact represent ontogenetic morphotypes [46] [47] [48] . The smallest of the three, C. nasicornis, does not possess the metaplastic spinal projections, yet the larger C. dentisulcatus does. The development of metaplastic projections on neural spines in these species could be evidence that C. nasicornis represents the more immature animal, while C. dentisulcatus the more mature. Regardless, these data suggest that stress-induced metaplasia dorsoventrally stiffened the spinal column progressively over the lifespan of large-bodied species. In light of our findings, use of this feature as a character to infer phylogenetic relationships should be reconsidered. Future work integrating the results presented here with development, postural and locomotor biomechanics, and respiration, may help elucidate the paleobiology of non-avian theropods.
Data Accessibility
All femoral length and rugosity presence/absence data, along with their cited references, are listed in the Table 1 . The program used for our phylogenetic methods, BayesTraits can be downloaded at the following URL: http://www.evolution.rdg.ac.uk/BayesTraits.html. Histologic sections are housed at the Museum of the Rockies. Their accession numbers are specified in the Materials and Methods section.
